Group I fibers from muscle spindles and Golgi tendon organs modulate motoneuron excitabilities to coordinate smooth movements. In this study, to elucidate the effects of group I fibers of the median nerve (MN) on the excitabilities of the brachioradialis (BR), we evaluated the changes in the firing probability of a BR motor unit after electrical conditioning stimulation (CS) to MN with a post-stimulus time-histogram technique in six healthy human subjects. We tested 171 motor units: in 72 of them CS to MN at the elbow with the intensity just below the threshold of alpha motor fibers (MT) produced a facilitatory effect (facilitation), while in 43 of them it produced inhibitory one (inhibition). The facilitation and inhibition were not produced by electrical stimulation of the skin overlaying MN. The central synaptic delays of the facilitation and inhibition were on average -0.13 and 0.13 msec, respectively, longer than those of the homonymous facilitation mediated by a monosynaptic path. The thresholds of the facilitation and inhibition were less than 0.7-0.8 and 0.7-0.9 times MT, respectively. CS to MN of hand muscles produced facilitatory effects and that of the pronator teres, palmaris longus, and flexor carpi radialis inhibitory effects. The facilitatory and inhibitory effects were compatible, for latency, with the facilitation and inhibition. These findings suggest that BR motoneurons receive monosynaptic facilitation and oligosynaptic inhibition from MN in humans. Group I fibers of the hand and forearm muscles should mediate the facilitation and inhibition, respectively, to coordinate movements of the hand, forearm, and elbow. median nerve; brachioradialis; monosynaptic facilitation; oligosynaptic inhibition; humans
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SUBJECTS AND METHODS
The experiments were performed on six healthy human subjects (male) aged 21-43 years, all of whom gave informed consent to the experimental procedures, which were approved by the Ethics Committees of Shinshu University School of Medicine (Matsumoto) and Yamagata University School of Medicine (Yamagata). The subject was comfortably seated in an armchair. The examined (right) arm laid on an armrest with the shoulder slightly flexed (about 30 degrees of flexion) and the elbow semi-flexed (about 45 degrees of flexion).
The PSTH technique used in this study followed the paper by Fournier et al. (1986) . PSTHs (bin width 0.1-1 msec) of the discharge of a voluntarily-activated BR motor unit (MU) were constructed for the period following conditioning stimuli to the median nerve. For the conditioning stimuli, electrical rectangular pulses of 1.0 msec duration were delivered. The stimuli were triggered with a fixed delay after the preceding firing of a MU. The time of the delay was determined on the basis of the time of the firing interval and peripheral afferent conduction time (Naito 2003 (Naito , 2004a . In this study, we used the time of the delay ranging from 60 msec to 100 msec. A histogram of firing probability was also constructed in a control situation without stimulation. The control and the stimulated situations were alternated randomly (same number of triggers) within a sequence. To highlight the effect of stimulation, the number of triggers in each bin in the control situation was subtracted from that obtained after stimulation. A χ 2 -test was used to determine whether or not the firing probabilities after the stimulation differed from those obtained in the control situation within different time-interval windows. The cumulative sum technique (Ellaway 1978) was also employed for presentation of PSTHs. The discharges of a BR-MU were recorded with a pair of needle electrodes (Seirin Acupuncture Needle, Facilitatory (facilitation) or inhibitory effects (inhibition) of low threshold afferent fibers on excitabilities of motoneurons among muscles in the human upper limb have been studied (Baldissea et al. 1983; Day et al. 1984; Cavallari and Katz 1989; Katz et al. 1991; Schieppati et al. 1991; Cavallari et al. 1992; Creange et al. 1992; Rossi et al. 1995; Aymard et al. 1995; Naito et al. 1996 Naito et al. , 1998a Marchard-Pauvert et al. 2000; Naito 2003 Naito , 2004a Suzuki et al. 2005; Ogawa et al. 2005; Wargon et al. 2006; Sato et al. 2006; Nakano et al. 2006) . Group I fibers from the muscle spindle (Ia) and Golgi tendon organ (Ib) are included in the afferent fibers. The facilitation and inhibition modulate excitabilities of motoneurons to coordinate smooth voluntary movements (Tanaka 1989) . The facilitation must function for co-contraction of the muscles and the inhibition must for reciprocal or alternating contraction among the muscles (Tanaka 1989 : Naito 2003 , 2004a .
The biceps brachii (BB) acts as an elbow flexor and forearm supinator and the brachioradialis (BR) as an elbow flexor in humans (Basmajian and Deluca 1985; Standring 2005) . Our previous studies with a post-stimulus time-histogram (PSTH) technique have shown inhibition between BB and BR (Naito et al. 1996; Naito 2003 Naito , 2004a . Group I fibers must mediate the inhibition through an oligo(di or tri)-synaptic path, namely, via one or two interneurons in the spinal cord (oligosynaptic inhibition). Since BB is activated with supinating the forearm and BR is with pronating the forearm (Basmajian and Deluca 1985; Naito et al. 1995 Naito et al. , 1998b , the inhibition should function alternately during a dynamic motion of pronation/supination with maintenance of elbow flexion. It must be very convenient for keeping constant force in flexion to support the weight below the elbow (Naito et al. 2002) . On the other hand, the BB motoneurons receive facilitation and inhibition from low threshold afferent fibers of the median nerve (Cavallari and Katz 1989; Naito et al. 1998a) . Group Ia fibers from the flexor carpi radialis (FCR) mediate the facilitation through a monosynaptic path, namely, via no interneurons (monosynaptic facilitation), and group I fibers 0.12-0.16 mm in diameter, Seirin Kasei Co., Shizuoka) inserted into the BR muscle belly around the elbow (Naito et al. 1996 (Naito et al. , 1998a . To recruit BR-MUs, the subject was requested to perform tonic elbow flexion with the forearm pronated or semipronated. A very weak (below 5% of maximal voluntary power) but steady contraction was performed to isolate one MU. The contraction was achieved easily using auditory and visual feedback of the electromyographic potential. Since the needle electrodes were very thin and flexible, the subject felt slight or no pain during the contraction.
Screening of effects evoked by the stimulation of the median nerve at the elbow (MNE) on the firing probability of BR-MUs
The conditioning stimuli were delivered to MNE with surface electrodes placed on the nerve trajectory at the distal end of the medial bicipital sulcus of the arm. Because the nerve innervates the pronators, wrist and finger flexors, and hand muscles, the surface electrodes were positioned at the place where the muscles were activated by the stimulation. The stimulus intensity was expressed in multiples of the threshold for the direct motor wave (× MT) of a muscle which was the first to be activated. MT was determined by recording a surface compound action potential from the muscle. Intensity just below 1.0 × MT was used for screening effects (facilitation or inhibition) for every BR-MU. Since MT is considered electrical threshold of alpha motor fibers and the threshold is low in that order: group Ia fibers, group Ib fibers, and alpha motor fibers, the stimulation with the intensity should result in activation of group Ia and Ib fibers of the nerve (Tanaka 1989) . To test the effect of the cutaneous afferent fibers from the skin overlaying MNE, electrical stimulation of which the intensity was equal to that of the conditioning stimuli was also applied to the skin with the surface electrodes placed 0.5-1.0 cm anterior from the stimulation site for MNE. For BR-MUs presenting an effect (facilitation or inhibition) after stimulation of MNE, the following experiments were performed.
Estimation of central synaptic delays of the effects evoked by the MNE stimulation on BR-MUs
To estimate the central synaptic delay of an effect, that is the excess of the central latency of the effect over that of the monosynaptic facilitation, the difference between the latencies of the effect after the MNE stimulation (L1) and a facilitatory effect after the homonymous BR nerve stimulation (BR homonymous facilitation: monosynaptic) (L2) in a BR-MU was measured in PSTHs (Katz et al. 1991; Naito et al. 1996 , 2004a : Marchand-Pauvert et al. 2000 (Fig. 1) . For the homonymous BR nerve, the stimuli were delivered to the posterior fasciculus of the brachial plexus with surface electrodes in the posterior triangle of the neck. The difference (L1-L2) must consist of the central synaptic delay and afferent conduction time from the stimulation site of MNE to that of the homonymous BR nerve. Also the difference between the latencies of the homonymous facilitation observed in a FCR-MU (ECR homonymous facilitation) after the MNE (L3) and homonymous FCR nerve stimuli (L4) were measured in PSTHs. For the homonymous FCR nerve, the stimuli were delivered to the medial and lateral fasciculus of the brachial plexus with surface electrodes at the very same site in the triangle where the homonymous BR nerve was stimulated. The difference (L3-L4) must indicate the afferent conduction time. To recruit FCR-MUs, the subject was requested to perform tonic wrist flexion with the forearm supinated or semipronated. The discharges of a FCR-MU were recorded with a pair of the above-mentioned needle electrodes inserted into the FCR muscle belly 4-7 cm distal to the medial epicondyle. The central synaptic delay of the effect was estimated with the following formula. (L1-L2) -(L3-L4)
Measurement of the thresholds for the effects provoked by the MNE stimulation on BR-MUs
In order to determine the threshold for the effects observed in firing probability of BR-MUs after the MNE stimulation, PSTHs in BR-MUs were constructed with various stimulus intensities. The intensity was decreased from 1.0 × MT with a step of 0.1 × MT.
Search of origins of afferent fibers mediating the effects provoked by the MNE stimulation on BR-MUs
To search origin of afferent fibers mediating the effects, PSTHs in a BR-MU were constructed following conditioning stimuli to each of the muscular branches of FCR (FCR nerve), PT (PT nerve), and palmaris longus (PL nerve) of the median nerve with a pair of the abovementioned needle electrodes and to the median nerve at the wrist (MNW) with the surface electrodes. Intensity just below 1.0 × MT was used for the stimulation. MT was determined by recording a surface compound action potential from the muscle. The needle electrodes were inserted into each motor point of the muscles (Naito et al. 1998a ). We carefully checked that no contraction of any other muscle was induced at a stimulation intensity of more than 3.0 × MT for the FCR and PT nerves, and 2.5 × MT for the PL nerve. The needle electrodes provided no sever pain to the subjects during the stimulation. The surface electrodes were placed on the nerve trajectory at the wrist where the thenar muscles were well activated by the stimulation. Electrical stimulation with the same intensity was also applied to the skin with the surface electrodes that were placed 0.5-1.0 cm lateral (radial) from the stimulation site for MNW.
RESULTS

Effects evoked by the stimulation of MNE on the firing probability of BR-MUs
A total of 171 BR-MUs were studied with conditioning stimulus to MNE with the intensity just below 1.0 × MT. In the 171 MUs, a significant short latency peak (facilitation) was produced in 72 MUs (14: p < 0.05, 18: p < 0.01, 40: p < 0.001) (Fig. 2) and a significant short latency trough (inhibition) was in 43 MUs (16: p < 0.05, 12: p < 0.01, 15: p < 0.001) (Fig. 3 ). The width of the peak was very short and ranged between 0.3-4.1 (mean ± S.D., 1.57 ± 0.80) msec and that of the trough was relatively long and ranged between 1.8-20.0 (5.73 ± 3.74) msec. The remaining 56 MUs received no significant effects by the stimulation. The effects were never produced by electrical stimulation of the skin overlaying MNE.
Central synaptic delays for the excitatory or inhibitory effects of BR-MUs
Eight BR-MUs collected from 4 subjects were conditioned by stimulation of the homonymous BR nerve at the posterior triangle of the neck. Four of the 8 MUs were only facilitated by the MNE stimulation, while the other 4 MUs were only inhibited. Also PSTHs following stimuli to MNE and homonymous FCR nerve at the triangle were constructed in FCR-MUs. In all the BR and FCR-MUs, conditioning stimuli to the homonymous nerves produced very significant peaks ( p < 0.001) of facilitation in PSTHs (Figs. 2 and 3) . In 4 BR-MUs, the difference between latencies of the facilitation after the MNE stimulation and BR homonymous facilitation was 3.5, 4.6, 4.8, and 3.6 msec ( Table 1, Fig. 2 ). In the corresponding experiments, the difference of two latencies of the FCR homonymous facilitation was 4.2, 4.2, 4.2, and 4.6 msec. The central synaptic delay of the facilitation was thus estimated to be -0.7, 0.4, 0.6 and -0.8 (mean ± S.D., -0.13 ± 0.73) msec. In 4 BR-MUs, the difference between latencies of the inhibition after the MNE stimulation and BR homonymous facilitation was 5.0, 5.8, 3.5, and 2.4 msec ( Table 2, Fig. 2 ). In the corresponding experiments, the difference between two latencies of the FCR homonymous facilitation was 5.3, 4.2, 3.4, and 3.3 msec. The central synaptic delay of the inhibition was thus estimated to be -0.3, 1.6, 0.1 and -0.9 (0.13 ± 1.29) msec.
Thresholds for the excitatory or inhibitory effects of BR-MUs
Modifications of the firing probability following stimuli with various intensities to MNE were studied in 5 BR-MUs presenting the facilitation and 3 BR-MUs presenting the inhibition. The threshold for the facilitation was less than 0.7-0.8 × MT (Fig. 4) and that of the inhibition was less than 0.7-0.9 × MT (Fig. 5) .
Origins of afferent fibers mediating the excitatory or inhibitory effects of BR-MUs
Effects of a firing probability after the conditioning stimulus with the intensity just below MT to each of the PT, PL, and FCR nerves and MNW were studied in a total of 68 BR-MUs in five volunteers (Table 3 ). In the 68 MUs, 41 MUs presented the facilitation and 27 MUs the inhibition after the conditioning stimulus to MNE.
In 13 BR-MUs, the conditioning stimulus to the PT nerve provoked an inhibitory effect in 8 (4: p < 0.05, 1: p < 0.01, 3: p < 0.001) of 12 MUs presenting the facilitation (Fig. 6 ) and in 1 MU ( p < 0.01) presenting the inhibition (Table 3) . The remaining 4 MUs presenting the facilitation received no effect after the stimulation. The difference between the latencies of the inhibitory effect and facilitation was 2.01 ± 1.23 msec (mean ± S.D.) (Table 4 ). In the corresponding experiment, the distance of the two stimulation sites was 5.00 ± 0.27 cm. The difference between the latencies of the inhibitory effect and inhibition was 2.4 msec and the distance between the two stimulation sites was 5.0 cm.
In 8 BR-MUs, the conditioning stimulus to the PL nerve provoked an inhibitory effect in 5 MUs (2: p < 0.05, 3: p < 0.01) presenting the facilitation (Fig. 7 ) and in 2 (1: p < 0.05, 1: p < 0.01) of 3 MUs presenting the inhibition (Table 3) . The difference between the latencies of the inhibitory effect and facilitation was 1.40 ± 1.07 msec, and the distance between the two stimulation sites was 5.0 ± 0.0 cm ( Table 5) . The difference between the latencies of the inhibitory effect and inhibition was 1.5 msec, and the distance between the two stimulation sites was 11.5 cm. In 14 BR-MUs, the conditioning stimulus to the FCR nerve provoked an inhibitory effect in 4 (2: p < 0.05, 1: p < 0.01, 1: p < 0.001) of 10 MUs presenting the facilitation (Fig. 8 ) and in 8 (5: p < 0.05, 3: p < 0.01, 1: p < 0.001) of 16 MUs presenting the inhibition (Table 3) . The difference between the latencies of the inhibitory effect and facilitation was 1.58 ± 1.93 msec, and the distance between the two stimulation sites was 7.50 ± 2.89 cm ( Table 6 ). The difference between the latencies of the inhibitory effect and inhibition was 1.85 ± 0.44 msec, and the distance between the two stimulation sites was 10.38 ± 2.92 cm.
In 15 BR-MUs, the conditioning stimulus to MNW provoked a facilitatory effect in 4 (1: p < 0.05, 2: p < 0.01, 1: p < 0.001) of 14 MUs presenting the facilitation (Fig. 9 ) and in 2 (1: p < 0.05, 1: p < 0.01) of 7 MUs presenting the inhibition (Table 3 ). The effects were not produced by electrical stimulation of the skin overlaying MNW. The difference between the latencies of the facilitatory effect and facilitation was 3.65 ± BR-HF, latency of facilitation in a BR-MU produced after the the BR nerve stimulation; MNE-F, latency of facilitation in a BR-MU produced after the MNE stimulation; FCR-HF1, latency of facilitation in a flexor carpi radialis (FCR) MU produced after the MNE stimulation; FCR-HF2, latency of facilitation in a FCR-MU produced after the FCR nerve stimulation; CSD, central synaptic delay. 1.40 msec, and the distance of the two stimulation sites was 26.25 ± 2.50 cm ( Table 7) . The difference between the latencies of the facilitatory effect and inhibition was 4.7 and 3.6 msec, and the distance of the two stimulation sites was 26.5 and 29.0 cm.
DISCUSSION
In the present study, effects of low threshold afferent fibers of the median nerve on excitabilities of the BR motoneurons were investigated in six healthy human subjects using a PSTH method. The electrical conditioning stimuli to MNE with intensity just below 1.0 × MT produced facilitatory (facilitation) and inhibitory effects (inhibition) in 72 (42%) and 43 (25%), respectively, of 171 BR-MUs. The remaining 56 BR-MUs received no effect by the stimulation. The effects were never produced by electrical stimulation to the skin overlaying MNE. These findings suggest that low threshold afferent fibers of the median nerve facilitate or inhibit the BR motoneurones in humans. In the present study, the central synaptic delay of the facilitation and inhibition was -0.13 ± 0.73 (n = 4) and 0.13 ± 1.29 msec (n = 4), respectively. Since the time of the central synaptic delay is about 1 msec per 1 synapse in humans (Tanaka 1986 (Tanaka , 1987 (Tanaka , 1989 , the facilitation must be mediated through a monosynaptic path and the inhibition must be through an oligosynaptic path in the spinal cord. In the present study, the threshold of the facilitation was less than 0.7-0.8 × MT (n = 5) and that of the inhibition was than 0.7-0.9 × MT (n = 3). Since the threshold was well below MT but was not low enough to exclude participation of group Ib fibers (Malmgren and PierrotDeseilligny 1988) , group I fibers should be responsible for both of the facilitation and inhibition.
In the present study, the surface electrodes for the MNE stimulation were administered to lay in proximity to BB. Therefore a part of the results might be ascribed to the BB tendon stimulation, as inhibitory interactions between BB and BR have been reported (Naito et al. 1996; Naito 2003 Naito , 2004a . In the present study, however, electrical stimulation to the skin with the electrodes placed 0.5-1.0 cm anterior from the MNE stimulation site resulted in no effect on BR-MUs discharges. Since the BB tendon was located anterior to the MNE stimulation site, this finding must deny ascription of the results to the BB tendon stimulation.
In the present study, the conditioning stimuli with the intensity just below 1.0 × MT to the PT, PL, and FCR nerves produced an inhibitory effect in 8, 5, and 3 BR-MUs presenting facilitation, respectively, and 1, 2, and 8 BR-MUs presenting the inhibition, respectively, after the MNE stimulation. The latency of the inhibitory effect after the PT, PL, and FCR nerves stimulation was 1.89 ± 1.12, 1.23 ± 1.04, and 1.58 ± 1.93 msec, respectively, longer than that of the facilitation. The stimulation site for the PT, PL, and FCR nerves was 5.00 ± 0.27, 5.00 ± 0.00, and 7.50 ± 2.89 cm, respectively, distal to that for MNE producing the facilitation. In the present study, the conditioning stimulus with the intensity just below 1.0 × MT to MNW produced a facilitatory effect in 4 BR-MUs presenting facilitation and 2 BR-MUs presenting the inhibition after the MNE stimulation. The latency of the facilitatory effect was 3.65 ± 1.23 msec longer than that of the facilitation. The stimulation site for MNW was 26.25 ± 2.5 cm distal to that for MNE producing the facilitation.
The effect was not produced by electrical stimulation of the skin overlaying MNW. The facilitation observed in BR-MUs after the MNE stimulation should be mediated by a monosynaptic path. Therefore taking account into the most rapid afferent fibers (Ia afferents) in the median nerve (69 m/sec) and the supplementary afferent conduction time between the two stimulation sites (Marchard-Pauvert et al. 2000) , group I fibers of the FCR, PT, and PL nerves must mediate the inhibition through an oligosyaptic path and those of MNW must the facilitation through a monosynaptic path. Further study was required to identify which afferents of group Ia and Ib fibers mediate the effects.
Facilitation and inhibition mediated by low threshold afferent fibers among muscles in the human upper limb have been studied (Baldissea et al. 1983; Day et al. 1984; Cavallari and Katz 1989; Katz et al. 1991; Schieppati et al. 1991; Cavallari et al. 1992; Creange et al. 1992; Rossi et al. 1995; Aymard et al. 1995; Naito et al. 1996 Naito et al. , 1998a Marchard-Pauvert et al. 2000; Naito 2003 Naito , 2004a Suzuki et al. 2005; Ogawa et al. 2005; Wargon et al. 2006; Sato et al. 2006; Nakano et al. 2006) . The BB motoneurons receive monosynaptic facilitation of group Ia fibers from the extensor carpi radialis (ECR) and FCR, disynaptic inhibition of group Ia fibers from the triceps brachii (TB), and oligosynaptic inhibition of group I fibers from PT (Katz et al. 1991; Cavallari et al. 1992; Naito et al. 1996 , 1998a , Naito 2003 , 2004a . The BR motoneurons receive monosynaptic facilitation from group I fibers from ECR and oligosynaptic inhibition of group I fibers from 
MNE-S, the MNE stimulation; PTN-S, the pronator teres nerve stimulation; PLN-S, the palmaris longus nerve stimulation; MNW-S, the median nerve stimulation at the wrist; FE, facilitatory effect; IE, inhibitory effect; NE, no effect; F, facilitation; I, inhibition; Abbreviations are the same use in Table 1 . TB (Naito 2003 (Naito , 2004a Sato et al. 2006) . Therefore the BB and BR motoneurons receive similar effects of low threshold afferent fibers from TB and ECR, both of which are innervated by the radial nerve. The present study showed that the BR motoneurons received monosynaptic facilitation of group I fibers from MNW and oligosynaptic inhibition of group I fibers from the FCR, PT, and PL nerves. Since the BB motoneurons receive monosynaptic facilitation of group Ia fibers from FCR (Cavallari and Katz 1989) , the pattern of effects of low threshold afferent fibers of the median nerve exhibits clear-cut differences between the BB and BR motoneurons. The median nerve innervates other forearm muscles of the flexor digitorum superficialis (FDS), lateral (radial) half of the flexor digitorum profundus, flexor pollicis longus, and pronator quadratus. MNW innervates hand muscles of the abductor pollicis brevis, superficial head of the flexor pollicis brevis, opponens pollicis, and first and second lumbricales. Further studies are required to under- stand the effects of the median nerve to the BR motoneurons in humans. The present study showed inhibition of group I fibers from FCR and PL, both of which are wrist flexors to the BB motoneurons. Inhibition in the reverse direction seems to exist (Naito 2003 (Naito , 2004a . BR is activated with pronating the forearm (Basmajian and Deluca 1985; Naito et al. 1998b) . In order to support the hand, the wrist flexors are activated with supinating the forearm (Naito 2004a ). Therefore the inhibition should coordinate activities of the muscles during a motion of forearm pronation/supination. The present study showed inhibition of group I fibers from PT to the BR motoneurons. Our previous study showed inhibition of group I fibers from PT to the BB motoneurons (Naito et al. 1998a) . Since the inhibition must coordinate two motions of forearm pronation and elbow extension, it would be convenient for reaching down movements of the arm. The present study also showed facilitation of group I fibers from hand muscles to the BR motoneurons. Marchand-Pauvert et al. (2000) showed facilitation of group Ia fibers from hand muscles to motoneurons of wrist flexors (FCR, flexor carpi ulnaris) and extensors (ECR, extensor carpi ulnaris), and finger flexors (FDS) and extensors (extensor digitorum). They described that the facilitation would be used to provide a support to the hand during manipulatory movements. Therefore, the facilitation of group I fibers from the hand muscles to the BR motoneurons would be also used to provide a support to the elbow during manipulatory movements.
